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ABSTRACT
Ion-selective electrodes (ISEs) are widely used to monitor ions in various applications from
environmental to clinical settings and pharmaceutical analysis. ISEs are a type of potentiometric sensor
that provides a versatile, cost-effective, and efficient platform towards wearable sensing applications.
Among the two different platforms of ISEs (solid-contact and liquid-contact), solid-contact ISEs are
superior to ISEs with internal electrolytes (liquid-contact) since they are easy to be miniaturized, can be
used in any environment and their portability is facilitated. Unfortunately, mass production and
commercialization of such devices is often constrained by the requirement of sensor calibration. Thus,
approaches for sensor manufacturing towards improving sensor to sensor reproducibility is a need, mainly
for wearable sensors applications. This work discusses the development and characterization of
calibration-free ISEs for the selective detection of different ions (Na +, K+ and Fluoxetine). The sensor
response is measured using the NERNST equation that relates concentration with electromotive force
(electrical potential). To obtain reproducible potentials from sensor to senor, different optimizations were
performed such as components of the ion-selective membrane (ISM) and solid contact support. Effect of
ion-selective membrane (ISM) solvent on ISE reproducibility was studied by comparing tetrahydrofuran
(THF) (a typical solvent for membrane preparation) and cyclohexanone. In addition, a single-step
integration of semiconducting/transducer polymer poly(3-octylthiophene) (POT) with single-walled
carbon nanotubes (SWCNTs) into the ISEs substrate was introduced. Upon full optimization, highly
reproducible paper-based ion-selective electrodes and wearable sensors for the measurement of sodium
and potassium ions in aqueous solution and artificial sweat were fabricated. This technology was also
applied for the development of a highly reproducible paper-based ion-selective electrode for the
determination of fluoxetine.
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CHAPTER ONE: INTRODUCTION
1.1 Motivation
Ion-selective electrodes (ISEs), are one of the most frequently used chemical sensors in a wide
variety of applications, such as environmental studies and clinical trials.1-5 ISEs have many
advantages as an analytical device, including high selectivity, fast response, simplicity of
analytical procedures, and relatively low cost.6,7 Because ISEs have the capability of being
miniaturized, they have gained much attention due to their implantability, measurements in small
volumes and mass production capabilities. Consequently, they have been recognized as an
excellent candidate for in-field and point-of-care (POC) testing.8-11 Despite all of these
advantages, current ISEs still lack of sensor-to-sensor reproducibility, which necessitates
calibrating each sensor before its first use and at frequent intervals thereafter.12 The calibration of
electrodes is cumbersome and time-consuming, both for routine analysis and for single-use
applications performed by less experienced personnel. Moreover, the calibration step is still a
key challenge in developing and commercializing single-use wearable sensors.
This dissertation describes the development and characterization of calibration-free ISEs for the
selective detection of different ions in a variety of applications. The following sections of this
chapter provide the background and theory of ISEs, as well as the mechanism of their response.
Chapter two describes the fabrication and characterization of a highly reproducible paper-based
ion-selective electrode for the measurement of sodium and potassium ions in aqueous solution.
Development of calibration-free ion-selective electrodes for the detection of sodium and
potassium in artificial sweat will be discussed in chapter three. Chapter four describes the
1

development of a highly reproducible paper-based ion-selective electrode for the determination
of fluoxetine.

1.2 ISE Response Mechanism and Theory
An ion-selective electrode measures the concentration of ions by converting the activity of
dissolved ions into an electrical potential. Figure 1 shows the basic component of ISE setup
where the ion-selective electrode and reference electrode are connected by a voltmeter.

Figure 1. Schematic diagram of an ion-selective electrode measurement set-up.

2

The ion-sensing membrane is the most important part of the ISE which is capable of species
recognition. The membrane prevents movements between two other phases and the ion of
interest is the only species that can be carried across the solution-membrane boundary.
According to their membrane material, ion-selective electrodes can be categorized as glass
membrane electrodes, crystalline membrane electrodes, or polymer membrane electrodes.13 The

most famous glass membrane electrode is the pH glass electrode which was discovered by Max
Cremer in 1906, as the first ion-selective electrode.14 The membrane of crystalline membrane
electrodes is composed of an insoluble inorganic salt (mono- or polycrystallites of a single
substance).15 Fluoride selective electrode based on LaF3 crystals is an example of this type of
ISEs.16 The glass membrane electrode and the crystalline membrane electrode can only detect a
limited number of ions. Here, we will focus on polymer-based ISEs since they are able to detect
a wider range of ions compared to the other types of ISE.
As shown in Figure 2, polymer-based ion-selective membranes typically consist of four
components: an ionophore, an ion-exchanger, a polymeric matrix, and a plasticizer.17 Ionophores
are lipophilic complexing agents that selectively bind to ions of interest and transfer ions across
ion-selective membranes.18 Figure 2-A illustrates the chemical structure of valinomycin
(potassium ionophore), one of the most well-known ionophores. Valinomycin is extracted from
the nature and it comes from an antibiotic produced by a fungus.19 Additionally, Figure 2-B
displays the chemical structure of sodium ionophore X. In order to observe a Nernstian response
toward a cation (or anion) of interest, the concentration of the ion must remain constant in the
membrane phase. This is achieved by the ion-exchanger which is a lipophilic compound that
fulfills the electroneutrality condition of the ion-selective membrane.20
3

Figure 2. Components of an ion-selective membrane, valinomycin (A) and sodium ionophore X
(B) as ionophores, NaTFPB (C) and KTFPB (D) as ion-exchangers, PVC as a polymer (E), DOS
(F) and o-NPOE (G) as plasticizers.

As examples of an ion-exchanger, the chemical structure of sodium tetrakis3,5bis(trifluoromethyl)phenylborate

(NaTFPB)

and

potassium

tetrakis3,5-

bis(trifluoromethyl)phenylborate (KTFPB) are shown in Figure 2-C and Figure 2-D,
respectively. Poly(vinyl chloride) (PVC), as shown in Figure 2-E, performs as a polymeric
matrix to provide the necessary physical properties, such as mechanical stability and elasticity.21
It is the role of plasticizers to optimize the physical properties of membranes and to ensure high
mobilities of its constituents.22 Figures 2-F and 2-G show the chemical structure of Bis(2ethylhexyl) sebacate (DOS) and Ortho-nitrophenyl Octyl Ether (o-NPOE), as examples of a
plasticizer, respectively.
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Figure 3. Schematic view of the equilibrium between sample and ion-selective membrane
containing a M+-selective ionophore (L) with anionic sites R-.

Ion-selective response mechanism has been shown in Figure 3. Ion-selective electrodes
determine ion concentrations by measuring electrical potentials through the membrane surface.23
The ISEs response is determined by the phase boundary potential according to Equation 1.

(1)

In Equation 1,

(aq)

and

(𝑜𝑟𝑔)

are the activities of the primary ion IZ+ of charge z in aqueous and

organic phase, respectively, and E0, R, T and F are standard potential, gas constant, absolute
temperature and Faraday constant, respectively.24 When the activity of the primary ions in the
organic phase (membrane) is kept constant and independent of the change in the aqueous
solution, Equation 1 reduces to the well-established Nernst Equation (Equation 2).
5

(2)
According to the Nernst equation, a 10-fold increase in the activity of a monovalent ion at room
temperature will increase the potential of the cell by 59.2 mV. Schematic representation of a
calibration curve for an ISE having a Nernstian response is shown in Figure 4.

Figure 4. Schematic representation of a calibration curve obtained from ion-selective electrodes.

1.3 ISE Platforms: Liquid-Contact and Solid-Contact ISEs
Liquid-contact ion-selective electrodes and solid-contact ion-selective electrodes are two
different types of ISEs. Traditional liquid-contact ISEs, as shown in Figure 1, contains an ionselective membrane and an internal solution to form a liquid–contact interface. Liquid-contact
ion selective electrode measures the concentration of the primary ion using Ag/AgCl wire in

6

contact with an internal chloride solution. The presence of internal solutions limits the range of
applications for liquid-contact ISEs, since they require additional maintenance and thus are
unsuitable for storage and miniaturization.25 Solid contact (no internal solution) ion-selective
electrodes were proposed by Cattrall et al. for the first time in 1971.26 The first proposed solidcontact ion-selective electrode was a wire coated with ion-selective membrane which had an
extremely simple design. However, because of poor ion-to-electron transduction between the
ion-selective membrane and the substrate (electron conductor), potential instability was
observed. It was recognized that an intermediate layer acting as an ion-to-electron transducer was
needed between the ion-selective membrane (ISM) and the solid substrate to stabilize the phase
boundary potential across the interface.27 Bobacka et al. fabricated all-solid-state ion-selective
electrodes by using conducting polymers as ion-to-electron transducers for the first time in
1994.27 Poly(3-octylthiophene) (POT) was used as the first conducting polymer in all-solid-state
ion-selective electrodes preparation. Following this, a considerable amount of research has been
devoted to solid-state ISEs using conducting polymers as ion-to-electron transducers. Among the
most popular transducer materials, poly(pyrrole) (PPy), poly(3,4-ethylenedioxythiophene)
(PEDOT) and POT were widely investigated.28,29
A variety of solid substrates have been used in the construction of ISEs.30 One of those is paper
which has received a great deal of attention because of its lightweight, low cost, and flexibility
characteristics.31 For the first time, Knoll and Cammann introduced paper as a substrate for the
development of ISEs in 1995.32 Moreover, polyethylene terephthalate (PET) has also been
recognized as an ideal substrate for wearable applications due to its chemical inertness,
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biocompatibility, high mechanical strength, low water absorption, and good adhesion to various
materials.33,34
Despite all these advances, it was observed that the phase boundary potential at the interfaces of
the ISM and the solid substrate differs from electrode to electrode, which necessitates calibration
of each electrode before performing direct potentiometry measurement. The lack of
reproducibility of potentiometric measurements has been studied by many research groups for
the past few years, and a variety of approaches have been developed to obtain calibration-free
sensors for direct potentiometric measurements. Incorporating a lipophilic redox couple
(Co(II)/Co(III)) into the ISM was introduced by the Buhlmann group, where they observed a low
variability in the electrode potentials with a standard deviation of 1.0 mV.35 However, during
long-term measurements and at high concentrations of analyte, the redox species inevitably leach
into the aqueous solution, deteriorating the reproducibility of the sensor. Another approach
proposed by the Lindner group resulted in the use of 7,7,8,8- tetracyanoquinodimethane (TCNQ)
and POT as a redox couple.36 The electrodes were more stable with this approach; however, the
sensor reproducibility was still poor. The Lindfors group applied a fluoride-functionalized
poly(3,4-ethylenedioxythiophene)

(PEDOTF)

incorporated

with

potassium

tetrakis(pentafluorophenyl)borate (KTFAB) on top of a glassy carbon electrode to overcome the
irreproducibility.37 Although a good reproducibility in the potential (±0.5 mV) for the
PEDOTF/KTFAB solid substrate was obtained, the potential increased to ±3 mV upon ISM was
drop-casted. The Michalska group also reported a nanocomposite material consisting of
MWCNTs and POT, which was applied as a transducer on the top of glassy carbon disk
electrodes.38 The reported reproducibility of the potentials of six electrodes prepared in one batch
8

was lower than 3 mV. Figure 5-A shows the common trace line potentiometric response for three
identical ion-selective electrodes with poor sensor-to-sensor reproducibility. This dissertation
aims to improve the reproducibility of ISEs and to fabricate ISEs that do not require calibration,
which will show potentiometric response displayed in Figure 5-B.

Figure 5. Schematic representation of the trace line potentiometric response for three identical
ISEs with poor sensor-to-sensor potential reproducibility (A), and calibration-free ISEs with high
sensor-to-sensor potential reproducibility (B).

1.4 References
(1) Bakker, Eric, Philippe Bühlmann, and Ernö Pretsch. "Carrier-based ion-selective electrodes
and bulk optodes. 1. General characteristics." Chemical Reviews 97.8 (1997): 3083-3132.
(2) Bühlmann, Philippe, Ernö Pretsch, and Eric Bakker. "Carrier-based ion-selective electrodes
and bulk optodes. 2. Ionophores for potentiometric and optical sensors." Chemical Reviews 98.4
(1998): 1593-1688.

9

(3) De Marco, Roland, Graeme Clarke, and Bobby Pejcic. "Ion‐selective electrode potentiometry
in environmental analysis." Electroanalysis: An International Journal Devoted to Fundamental
and Practical Aspects of Electroanalysis 19.19‐20 (2007): 1987-2001.
(4)

Bakker,

Eric.

"Electroanalysis

with

membrane

electrodes

and

liquid–liquid

interfaces." Analytical chemistry 88.1 (2016): 395-413.
(5) Zdrachek, Elena, and Eric Bakker. "Potentiometric sensing." Analytical chemistry 93.1
(2020): 72-102.
(6) Bobacka, Johan, Ari Ivaska, and Andrzej Lewenstam. "Potentiometric ion sensors." Chemical
reviews 108.2 (2008): 329-351.
(7) Bakker, Eric, et al. "Ion sensors: current limits and new trends." Analytica chimica
acta 393.1-3 (1999): 11-18.
(8) Min, Jihong, et al. "Wearable electrochemical biosensors in North America." Biosensors and
Bioelectronics 172 (2021): 112750.
(9) Hammock, M.L. et al. (2013) 25th anniversary article: the evolution of electronic skin (eskin): a brief history, design considerations, and recent progress. Adv. Mat. 25, 5997–6038
(10) Windmiller, Joshua Ray, and Joseph Wang. "Wearable electrochemical sensors and
biosensors: a review." Electroanalysis 25.1 (2013): 29-46.
(11) Bandodkar, Amay J., and Joseph Wang. "Non-invasive wearable electrochemical sensors: a
review." Trends in biotechnology 32.7 (2014): 363-371.

10

(12) Diamond, Dermot, et al. "Wireless sensor networks and chemo-/biosensing." Chemical
reviews 108.2 (2008): 652-679.
(13) Buck, Richard P. "Ion selective electrodes." Analytical Chemistry 48.5 (1976): 23-39.
(14) Koryta, J. "Ion-selective electrodes." Annual review of materials science 16.1 (1986): 13-27.
(15) Arnold, Mark A., and Mark E. Meyerhoff. "Ion-selective electrodes." Analytical chemistry
56.5 (1984): 20-48.
(16) Frant, Martin S., and James W. Ross. "Electrode for sensing fluoride ion activity in
solution." Science 154.3756 (1966): 1553-1555.
(17) Pechenkina, I. A., and K. N. Mikhelson. "Materials for the ionophore-based membranes for
ion-selective electrodes: problems and achievements." Russian Journal of Electrochemistry 51.2
(2015): 93-102.
(18) Buck, Richard P. "Electrochemistry of ion-selective electrodes." Sensors and Actuators 1
(1981): 197-260.
(19) Hunter, F. Edmund, and Lois S. Schwartz. "Valinomycin." Mechanism of Action. Springer,
Berlin, Heidelberg, 1967. 631-635.
(20) Zdrachek, Elena, and Eric Bakker. "Electrochemically switchable polymeric membrane ionselective electrodes." Analytical chemistry 90.12 (2018): 7591-7599.
(21) Bieg, Christoph, Kai Fuchsberger, and Martin Stelzle. "Introduction to polymer-based solidcontact ion-selective electrodes—basic concepts, practical considerations, and current research
topics." Analytical and bioanalytical chemistry 409.1 (2017): 45-61.
11

(22) Zareh, Mohsen M. "Plasticizers and their role in membrane selective electrodes." Recent
Advances in Plasticizers (2012): 113.
(23) Bühlmann, Philippe, and Li D. Chen. "Ion‐selective electrodes with ionophore‐doped
sensing membranes." Supramolecular Chemistry: From Molecules to Nanomaterials (2012).
(24) Bakker, Eric, Philippe Bühlmann, and Ernö Pretsch. "The phase-boundary potential
model." Talanta 63.1 (2004): 3-20.
(25) Lindner, Ernö, and Richard P. Buck. "Microfabricated potentiometric electrodes and their in
vivo applications." Analytical chemistry 72.9 (2000): 336-A.
(26) Cattrall, R. Wꎬ , and Henry Freiser. "Coated wire ion-selective electrodes." Analytical
chemistry 43.13 (1971): 1905-1906.
(27) Bobacka, Johan, et al. "All solid-state poly (vinyl chloride) membrane ion-selective
electrodes with poly (3-octylthiophene) solid internal contact." Analyst 119.9 (1994): 1985-1991.
(28)

Bobacka,

Johan.

"Conducting

polymer‐based

solid‐state

ion‐selective

electrodes." Electroanalysis: An International Journal Devoted to Fundamental and Practical
Aspects of Electroanalysis 18.1 (2006): 7-18.
(29) Michalska, Agata. "All‐Solid‐State Ion Selective and All‐Solid‐State Reference
Electrodes." Electroanalysis 24.6 (2012): 1253-1265.
(30) Shao, Yuzhou, Yibin Ying, and Jianfeng Ping. "Recent advances in solid-contact ionselective electrodes: functional materials, transduction mechanisms, and development
trends." Chemical Society Reviews 49.13 (2020): 4405-4465.
12

(31) Liana, Devi D., et al. "Recent advances in paper-based sensors." sensors 12.9 (2012): 1150511526.
(32) Borchardt, Michael, Christa Dumschat, and Meinhard Knoll. "Disposable ion-selective
electrodes." Sensors and Actuators B: Chemical 25.1-3 (1995): 721-723.

(33) MacDonald, William A., et al. "Latest advances in substrates for flexible electronics."
Journal of the Society for Information Display 15.12 (2007): 1075-1083.
(34) Khan, Saleem, Shawkat Ali, and Amine Bermak. "Recent developments in printing flexible
and wearable sensing electronics for healthcare applications." Sensors 19.5 (2019): 1230.
(35) Zou, Xu U., et al. "Solid contact ion-selective electrodes with a well-controlled Co (II)/Co
(III) redox buffer layer." Analytical chemistry 85.19 (2013): 9350-9355.
(36) Jarvis, Jennifer M., et al. "Poly (3-octylthiophene) as solid contact for ion-selective
electrodes: contradictions and possibilities." Journal of Solid State Electrochemistry 20.11
(2016): 3033-3041.
(37) Papp, Soma, et al. "Potential reproducibility of potassium-selective electrodes having
perfluorinated alkanoate side chain functionalized poly (3, 4-ethylenedioxytiophene) as a
hydrophobic solid contact." Analytical chemistry 91.14 (2019): 9111-9118.
(38)

a u a Dawid et al.

ultiwalled carbon nanotubes–poly (3-octylthiophene-2, 5-diyl)

nanocomposite transducer for ion-selective electrodes: Raman spectroscopy insight into the
transducer/membrane interface." Analytical chemistry 91.14 (2019): 9010-9017.

13

CHAPTER TWO: SINGLE-STEP INTEGRATION OF POLY(3OCTYLTHIOPHENE) AND SINGLE-WALLED CARBON NANOTUBES
FOR HIGHLY REPRODUCIBLE PAPER-BASED ION-SELECTIVE
ELECTRODES
Reprinted with permission from M. Rostampour, B. Bailey, C. Autrey, K. Ferrer, B.
Vantoorenburg, P.K. Patel, P. Calvo-Marzal, K.Y. Chumbimuni-Torres, "Single-Step Integration
of Poly (3-Octylthiophene) and Single-Walled Carbon Nanotubes for Highly Reproducible
Paper-Based Ion-Selective Electrodes." Analytical Chemistry, 2020. Copyright 2020 American
Chemical Society.

2.1 Abstract
Calibration of ion-selective electrodes (ISEs) is cumbersome, time-consuming, and constitutes a
significant limitation for the development of single-use and wearable disposable sensors. To
address this problem, we have studied the effect of ion-selective membrane solvent on ISE
reproducibility by comparing tetrahydrofuran (THF) (a typical solvent for membrane
preparation)

and

cyclohexanone.

In

addition,

a

single-step

integration

of

semiconducting/transducer polymer poly(3-octylthiophene) (POT) with single-walled carbon
nanotubes (SWCNTs) into the paper-based ISEs (PBISEs) substrate was introduced. PBISEs for
potassium and sodium ions were developed, and these ISEs present outstanding sensor
performance and high potential reproducibility, as low as ±1.0 mV (n = 3).
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2.2 Introduction
Traditional ion-selective electrodes (ISEs) are widely used to monitor ions in various
applications from environmental to clinical settings.1,2 Solid contact ion-selective electrodes
(SCISEs) are more desirable than ISEs with internal electrolytes (liquid contact) when
considering applicability, affordability, portability, and mass production.2 However, it was
recognized that an intermediate layer acting as an ion-toelectron transducer was needed between
the ion-selective membrane (ISM) and the solid substrate to stabilize the phase boundary
potential across the interface.3 Among the most popular transducer materials, conducting
polymers were used,4−7 where poly(3-octylthiophene) (POT) was widely investigated.1,8−15
Despite all these advances, it was observed that the phase boundary potential at the interfaces of
the ISM and the solid substrate differs from electrode to electrode, which necessitates calibration
of each electrode before performing direct potentiometry measurement. Electrode calibration is
cumbersome and time-consuming and constitutes a significant limitation for the development of
single-use wearable sensors, for instance. Recently, more efforts were invested by several
researchers to obtain reproducible sensors in terms of low potential variability that could result in
calibration-free sensors for direct potentiometric measurements.
One approach to improve the reproducibility of ISEs was introduced by the Buhlmann group,16,17
where they incorporated a lipophilic redox couple (Co(II)/Co(III)) into the ISM. More
specifically they used the Co(II) and Co(III) complexes of 1,10-phenanthroline and 4 4′-dinonyl2 2′-bipyridyl. They observed a low variability in the electrode potentials with a standard
deviation of 1.0 mV using a glassy carbon disk electrode as a solid substrate. However, during

15

long-term measurements and at high concentrations of analyte, the redox species inevitably leach
into the aqueous solution, deteriorating the reproducibility of the sensor. Another approach
proposed by the Lindner group18 resulted in the use of 7,7,8,8- tetracyanoquinodimethane
(TCNQ) and POT as a redox couple electropolymerized on the top of a gold substrate. This
approach improved the stability of the electrodes; however, the sensor reproducibility reported
was

±6

mV.

A

fluoride-functionalized

poly(3,4-ethylenedioxythiophene)

(PEDOTF)

incorporated with potassium tetrakis(pentafluorophenyl)borate (KTFAB) on top of a glassy
carbon or gold electrode used as a solid substrate to overcome the irreproducibility was
investigated by Lindfors for K-ISEs.19 Although a good reproducibility in the potential (±0.5
mV) for the PEDOTF/KTFAB solid substrate was obtained, the potential increased to ±3 mV
upon ISM was drop-casted; the authors state this could be due to ISM inhomogeneities.
A more recent approach was to integrate conducting polymers with carbon nanotubes; results
showed that such types of composites are excellent candidates for electrochemical
applications.20,21 Conjugated polymers have proven to be an effective method for stabilizing
carbon nanotubes (CNTs) in solution due to the π−π interaction between the conjugated
backbone and the nanotube side wall.22 For example, electrochemically synthesized poly(3,4ethylenedioxythiophene) (PEDOT) polymer doped with multiwalled carbon nanotubes
(MWCNTs)

was

used

to

prepare

K+-ISE.23

Methacrylate-functionalized

poly(3,4-

ethylenedioxythiophene) (Meth-PEDOT) films containing either MWCNT or carboxylated
MWCNT (cMWCNT)24 were also used to make Ca-ISE. The results showed that these
composites are promising materials to be used as solid substrates for ISEs. However, the
reproducibility of these sensors was not reported in those studies. The Michalska group also
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reported a nanocomposite material consisting of MWCNTs and POT,25 which was applied as a
transducer on the top of glassy carbon disk electrodes for potentiometric sensors. The
reproducibility of the potentials of six electrodes prepared in one batch was lower than 3 mV.
Integration of the carbon nanotube and POT eliminates the need for surfactants to disperse the
carbon nanotubes. This is advantageous as hydrophobicity of the MWCNTs can be kept
inalterable promoting longer sensor lifetime.26 Besides, this integration simplifies the sensor
preparation as there is no need to drop-cast the conductive polymer as a separate layer. Lastly,
integration of MWCNT and POT prevents spontaneous partitioning of the conductive polymer
into the ISM as proven by Michalska.25 Here, for the first time is used an organic-base ink to
constructed a highly reproducible paper-based ISE (PBISE) by integrating single-walled carbon
nanotubes (SWCNTs) and POT on filter paper used as a solid substrate toward calibration-free
potentiometric sensors. Filter paper was chosen here and has been used previously as a solid
substrate to construct ISEs27 due to its flexibility, ability for size reduction, low cost, and light
weight. This work was executed in two stages. In the first stage, the solvent used for the ISM
preparation is optimized to prevent partitioning of POT into the ISM. In the second stage, the
integration of SWCNTs and POT is investigated and optimized. This novel approach was applied
for the construction of K+ -ISEs and Na+ -ISEs as proof of concept.
2.3 Experimental Section
2.3.1 Reagents and Materials
Valinomycin (potassium ionophore I), 4-tertbutylcalix[4]arene-tetracetic acid tetraethyl ester
(sodium ionophore X, NaIX), potassium tetrakis[3,5- bis(trifluoromethyl)phenyl]borate
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(KTFPB),

sodium

tetrakis-

[3,5-bis(trifluoromethyl)phenyl]borate

(NaTFPB),

bis(2-

ethylhexylsebacate) (DOS), and sodium dodecylbenzenesulfonate (SDBS), all of Selectophore
grade, were obtained from Sigma-Aldrich (St. Louis, MO). Potassium chloride (KCl), sodium
chloride (NaCl), high molecular weight poly(vinyl chloride) (PVC), and tetrahydrofuran (THF)
were all also obtained from Sigma-Aldrich (St. Louis, MO). Single-walled carbon nanotubes
(SWCNTs) of 99% purity were obtained from Cheap Tubes, Inc. (Grafton, VT). Cyclohexanone
99.8% was purchased from Acros Organics (Fair Lawn, NJ). Chloroform, tetrahydrofuran, odichlorobenzene, qualitative filter paper (Whatman No. 1), and nonpermeable D-wrap blue
polyester tape were obtained from Fisher (FairLawn, NJ). Poly(3-octylthiophene) (POT) was
synthesized according to a literature protocol.28 All solutions were prepared using deionized
water purified by a Millipore Milli-Q (Billerica, MA).

2.3.2 Preparation of SWCNT Suspension
Two different suspensions were prepared in this work. Suspension 1 was prepared in accordance
with the work of Mensah et al.27 In this suspension, SWCNTs were dispersed in water containing
SDBS as a surfactant. Suspension 2 was prepared in accordance with the work of Allen et al. 22
with few modifications. In this suspension, 13.5 mg of SWCNTs was dispersed in 6 mL of odichlorobenzene. This suspension was sonicated for 15 min using a tip sonicator. Then, 22.5 mg
of POT was dissolved in 3 mL of o-dichlorobenzene and was added to the SWCNTs suspension.
Finally, the mixture was sonicated for another 15 min using a tip sonicator. The ratio content of
SWCNTs and POT as reported here is of 1:1.6 m/m; other ratios of 1:0.5 and 1:2.6 were also
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pursued. Images of the topography of suspension 2 and the filter paper painted with suspension 2
were obtained using a Zeiss Ultra 55 scanning electron microscope (SEM).

2.3.3 Preparation of Conductive Paper-Strip
Two 6.0 cm × 6.0 cm squares of qualitative filter paper were painted with suspensions 1 and 2
via a conventional paint brush. The papers were left to dry at 100 °C in the oven for 10 min. The
conductivity of the painted filter paper was then measured using a source-measurement unit
(Keithley SourceMeter model 2400, Cleveland, OH). The process of painting, drying, and
measuring was considered to be one cycle. Both papers were treated for a total of six cycles.
After the filter paper completed the sixth cycle, it was cut into six strips measuring 1.0 cm × 6.0
cm. The paper prepared with suspension 1 was then treated with six layers of 10 μL of
POT/chloroform suspension (25 mM) per strip. The paper prepared with suspension 2 was
considered to be a final product and moved to the next step, as shown in Figure 6. Each strip was
then masked in nonpermeable D-Wrap blue polyester tape, and a hole of 3 mm diameter was left
at the end of the sensor for application of the ISM.

2.3.4 Preparation of the Ion-Selective Membrane
The K+-selective cocktail was composed of 10.0 mmol/kg of valinomycin and 5 mmol/kg of
KTFPB. The Na+-selective cocktail contained 12.0 mmol/kg of sodium ionophore X and 6
mmol/kg of NaTFPB. The polymer/plasticizer matrix was composed of PVC:DOS 33.3%:66.6%
w/w in all cocktails. The components of each cocktail in a total mass of 200 mg were dissolved
in 1 mL of solvent (THF or cyclohexanone) and vortexed for a minimum of 30 min. Cocktails
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containing cyclohexanone will be completely dissolved in 1 h. Finally a 6 μL aliquot of the
cocktail was drop-casted onto the conductive support. The 6 μL aliquot was applied such that it
completely covered the exposed area of the conductive paper to effectively seal the ISE and
prevent water diffusion into the paper substrate. Electrodes were allowed to dry overnight prior
to measurements. These ISEs are conditioning-free and ready-to-use as previously described by
Armas et al.29 and Rich et al.30

Figure 6. Schematic representation of the preparation of the paper-based ISE using suspension 1
(top) and suspension 2 (bottom).

2.3.5 Characterization of the Modified Paper-Strip Substrates
Contact angle measurements were performed to characterize the surface hydrophobicity of
different conductive papers using VCA-Optima surface analysis and computer imaging system
(AST Products, Billerica, MA), including VCA Optima XE software provided by the
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manufacturer. Images were taken after dispensing 2.5 μL of deionized water onto each substrate
at different time intervals.

2.3.6 UV−vis Experiment for POT Influence
A 300 μL sample of 25 m

POT dissolved in o-dichlorobenzene solution was spread evenly

onto a 7.5 cm × 2.5 cm glass slide. The glass slide was then placed into a 100 °C oven for 2 h.
Once dried, THF or cyclohexanone based cocktails were drop-casted onto the glass slide in
aliquots of 12.5 μL six times to mimic the formation of IS . The slide was then allowed to dry
overnight at room temperature under a steady stream of nitrogen gas. Once dried, the membranes
were removed from the glass slide and dissolved in 2 mL of THF. To allow visible absorption
intensity six membranes of 5 mm diameter each were treated at once. The UV−vis
measurements were taken using a UV−visible spectrophotometer (Cary 50) from Varian
Australia.

2.3.7 EMF Measurements
Electrode potentials were recorded using a high-input impedance (1015 Ω) E F-16
multichannel data acquisition system from Lawson Laboratories (Malvern, PA). Experiments
were performed at room temperature and in stirring solutions. A double-junction Ag/AgCl/3 M
KCl/1 M LiOAc (purchased from Metrohm, Herisau Switzerland) was used as the reference
electrode. Activity coefficients were calculated by using the Debye−H ckel approximation and
all EMF values were calculated by using the Henderson equation.
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2.4 Results and Discussion
2.4.1 Effect of ISM Solvent on the Reproducibility of ISEs
It was recently reported that the initially colorless ISE cocktail becomes yellowish after being
applied to the transducer layer due to diffusion of POT into the membrane.3 31−34 Visualization
and quantification of the spontaneous partitioning of POT into the ISM phase has been studied
by Jaworska et al., which demonstrate that about half of the POT intended to act as a transducer
could be found in the membrane phase.31 They studied the partitioning of POT into the ISM
when the cocktail was prepared in THF. However, the sensor performance or reproducibility was
not investigated. Herein, we investigate the partitioning of POT into the ISM using different
solvents for membrane preparation, while evaluating the sensor performance and reproducibility.
THF is the most widely used solvent for ISM preparation. However, other solvents have been
previously used to dissolve the ISM components, such as cyclohexanone.35−37 This solvent is
compatible with the membrane components while at the same time exhibits low solubility of
POT when compared to THF, thus becoming a promising candidate to avoid spontaneous
partitioning of POT into the ISM phase while creating reproducible ISEs. Potassium-ionselective electrodes were prepared using suspension 1 and POT drop-casted on the top of the
painted filter paper, as described in Figure 6 (top).
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Figure 7. Trace line potentiometric response and calibration curve obtained from K+-ISE (A and
B) using THF (A and B) and cyclohexanone (C and D) as a solvent for the cocktail preparation,
both conductive paper substrates were prepared using suspension 1 (three different electrodes
from one batch).

Two different ISM cocktails, one using THF and the other using cyclohexanone as solvents,
were drop-casted on the top of the POT layer. Potentiometric responses for both sensors are
shown in Figure 7. K+-ISEs prepared using THF and cyclohexanone as solvents present a
Nernstian slope of 57.5 ± 0.2 mV/decade (Figure 7-A) and a Nernstian slope of 59.1 ± 1.2
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mV/decade (Figure 7-C), respectively. Response time for K+-ISEs prepared using THF and
cyclohexanone as solvents were 98 and 85 s, respectively.38 The reproducibility of the standard
potentials for three electrodes within the concentration range from 1 × 10−5 to 1 × 10−2 M was
approximately 10.0 mV for K+-ISEs prepared with THF (Figure 7-B) and approximately 5.0 mV
for K+-ISEs prepared with cyclohexanone (Figure 7-D). These results showed that there is a clear
effect of the solvents used for ISM preparation and the performance of the ISEs.

Figure 8. UV−vis absorption spectra of POT contained in a dissolved ion-selective membrane
prepared with THF (black line) and cyclohexanone (red line).

To further investigate this effect, absorption spectra of the dissolution of the ion-selective
membrane peeled off from the glass slide cover with a POT layer were performed and the results
are shown in Figure 8. The UV−vis spectra experiment show that the ISM that was prepared with
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THF as a solvent (black line) contains a higher POT amount when compared to the one prepared
with cyclohexanone as a solvent (red line), since negligible POT peak intensity was observed.
These results confirm that POT spontaneously diffused into the ISMs, as previously reported by
Jaworska et al.;31 however, that process can be avoided when using a solvent for ISM preparation
where POT is insoluble, such as cyclohexanone. Therefore, cyclohexanone can be suggested as a
promising solvent for ISM preparation to improve the reproducibility of the ISEs.

2.4.2 Single-Step Integration of SWCNTs and POT
To further improve the reproducibility of the ISEs, the integration of POT and carbon nanotubes
has also been pursued. By integrating POT and SWCNTs, the spontaneous partitioning of POT
from the transducer interface into the ISM could be prevented as proposed before. 31 Moreover,
the integration will remove one step in the ISE preparation, drop-casting of POT, facilitating
manufacturing.25,27 Additionally, not using the surfactant could improve the hydrophobicity of
the transducer layer, avoiding water layer formation.26,27 Here the preparation of the SWCNTs
and POT was adopted from Allen et al.22 where they investigate the orientation and rheology of
the composite SWCNTs/POT. This procedure was chosen as it avoids aqueous solution and
surfactant use, moreover uses o-dichlorobenzene instead of THF. The optimized SWCNTs/ POT
ratio reported by Allen et al.22 was adopted and modified for its application and evaluation
toward reproducible ISEs. A rational comparison between this new ink (suspension 2: SWCNTs
and POT in organic solvent) and our previously published aqueous ink (suspension 1: SWCNTs
and surfactant in aqueous solution) painted on filter paper was performed. First, the resistance of
the painted filter paper was evaluated, where the resistance of the filter paper painted with
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suspension 2 was measured at the end of each cycle (six cycles were executed as described in the
experimental section). An exponential decay was observed (Figure 28, Appendix A), where the
resistance decreased significantly after the first cycle reaching a plateau upon the fourth cycle. A
resistance of ∼250 Ω/sq was obtained for the filter paper after the sixth cycle, which is in the
same order of magnitude as the filter paper painted with suspension 1 (∼280 Ω/sq) in
concordance with the work of Mensa et al.27

Figure 9. Contact angle images of (A) filter paper coated with waterbased SWCNTs suspension
and subsequent layer of POT and (B) filter paper coated with organic-based SWCNTs
suspension.

Second, contact angles were measured to evaluate hydrophobicity of the resulting conductive
papers painted with suspensions 2 and 1. Initial contact angles of 133° and 99° were obtained for
the filter papers painted with suspensions 2 and 1, respectively. Moreover, changes in the contact
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angle were recorded over time. As it is shown in Figures 29 and 30 (Appendix A), there was no
significant change in the contact angle for the filter paper painted with suspension 2 after 20 min.
The water droplet was stable for that period until it finally evaporated. However, the contact
angle for the filter paper painted with suspension 1 decreased rapidly, and the filter paper
completely absorbed the water droplet in less than 3 min. Thus, it is evident that the filter paper
painted with suspension 2 drastically improved the hydrophobicity of the conductive substrate
(painted filter paper) when compared to the filter paper painted with suspension 1 (Figure 9).
Although the reported contact angle of the filter paper painted with suspension 2 (133°) is similar
to the one reported by Michalska et al. (130°),25 to the best of our knowledge, this is the first
time that a high contact angle was reported for a paper substrate, considering that the Michalska
composite was applied on glassy carbon electrodes. Suspension 2 and the filter paper painted
with suspension 2 were characterized by SEM (see the Appendix A, Figure 31). Both the
suspension 2 and the conductive paper present similar structures of interconnected networks.
These similarities between the SWCNTs suspension and the conductive filter paper could be due
to the high porosity of the filter paper, which enables the SWCNTs suspension to be absorbed
into the filter paper while retaining its network structure. The characterized conductive substrate
(filter paper painted with suspension 2) was used for ISEs preparation. Thus, paper-based K+-ISE
and Na+-ISE were fabricated and the respective ISM cocktails were prepared using
cyclohexanone as a solvent. Figure 10 shows the potential response for K+- and Na+-ISEs and
their respective calibration curves as insets. The K+-ISE and Na+-ISE presented slopes of 60.0 ±
0.4 and 58.4 ± 0.1 mV/decade with detection limits of 7.3 ± 0.4 × 10−7 and 1.1 ± 0.1 × 10−6 M,
respectively. The reproducibility of the potentials for three electrodes within the concentration
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from 10−5 to 10−2 M was lower than 1.0 mV for Na+-ISEs (See Table A-1) and 2.0 mV for K+ISEs (see Table A-2). In addition, results for six Na+-ISEs from one batch are displayed to show
the sensor-to-sensor reproducibility for a large number of sensors (see Figure 32, Appendix A).
To the best of our knowledge, these reproducibility values are the lowest values presented to date
for any paper-based ISE.

Figure 10. Potentiometric response and calibration curve obtained for K+-ISE (A) and Na+-ISE
(B) prepared by organic-based SWCNTs suspension and cyclohexanone. (three different
electrodes from one batch).

Further, a water layer test has been performed for the Na+-ISEs using the filter papers painted
with suspensions 2 and 1.39 As shown in Figure 33 (Appendix A), the potentials for the
electrodes when exposed to 1 × 10−3 M LiCl remained stable, and no negative drift was observed
upon a second exposure to the analyte ion solution, 1 × 10−3 M NaCl for almost 15 h. Notice that
paper substrate painted with suspension 2 presents higher stability when compared to the paper
substrate painted with suspension 1 when the electrodes were exposed for longer hours of
analysis. Consequently, the results clearly show that no water layer was formed. Other ratios of
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SWCNTs/POT (1:0.5 and 1:2.5) were also tested (data not shown), although reproducibility was
kept under 2.0 mV, subnerstian and supernerstian slopes were observed.

2.5 Conclusion
In this work, PBISEs with highly reproducible potentials were developed. The integration of
POT and SWCNTs into the sensor substrate in a single step was shown. This approach
overcomes the lack of hydrophobicity of the paper substrate as well as the concern about POT
partitioning into the ISM during sensor preparation. Absorbance data were used to illustrate the
solvent effect of POT leaching into the membrane phase, thus allowing for the optimization of
membrane performance. High contact angles were obtained to demonstrate a high
hydrophobicity of the paper, showing that the formation of a water layer within the sensor has
been minimized. Sodium and potassium ISEs prepared with the optimized membrane
components and solid substrate present a high performance and reproducibility for ion detection.
These sensors may be applied to various uses in environmental monitoring and medical
diagnostics for inexpensive ion detection in the field or at the bedside. Whereas this work was
focused on developing reproducible paper-based ISEs, practical use of the sensors requires
fabrication of a paper-based reference electrode. Integration of reproducible paper-based ISEs
and paper-based reference electrode will provide a calibration-free system for in situ monitoring
and long-term measurements of electrolytes; work in this regard is underway at our research
laboratory.
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CHAPTER THREE: HIGHLY REPRODUCIBLE WEARABLE IONSELECTIVE ELECTRODES FOR THE DETECTION OF SODIUM AND
POTASSIUM IN ARTIFICIAL SWEAT
3.1 Abstract
It is well known that potentiometric sensors provide a versatile, cost-effective, and efficient
platform for wearable applications. Unfortunately, mass production and commercialization of
such devices is often constrained by the requirement of a calibration step, which is due to the
poor sensor-to-sensor reproducibility. Herein, we fabricated calibration-free wearable sensors
including wearable ion-selective electrode and wearable reference electrode by integrating
single-walled carbon nanotubes (SWCNTs) with poly(3-octylthiophene) (POT) and applying on
polyethylene terephthalate (PET) substrate. Thus, we developed sodium and potassium wearable
sensors which display excellent repeatability and selectivity as well as high sensor-to-sensor
reproducibility. In addition, these sensors demonstrate excellent analytical performance and high
potential reproducibility, with a standard deviation of as low as ±1.0 mV in artificial sweat.

3.2 Introduction
Over the past decade, the interest in wearable sensors has grown dramatically due to the
advances in electronics, materials science, and analytical science.1,2 In fact, there are a variety of
wearable sensors available on the market that are capable of monitoring physical parameters
such as body movements, body temperature and heart rate.3 On the other hand, chemical
wearable sensors have

being widely studied towards healthcare and sport performance

monitoring applications. Thus, this sensor has the potential to provide a new generation of
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decentralized and point-of-care systems in place of bulky, expensive and complex laboratory
instruments.4,5 However, the availability of chemical sensors on the market, however, is limited
and challenging and among these challenges are stability and reproducibility of the sensors. 6-8
Recently, body biofluids such as sweat, saliva and tears have received attention as great sources
of critical biomarkers,9 to replace the intrusive process of blood analysis for medical diagnosis.
Among those, sweat is a readily accessible body biofluid that contains electrolytes and
metabolites that can provide information on the physical condition and physiological status of
human subjects.10 For example, disorders such as hyperkalemia, hypernatremia, hypokalemia,
and hyponatremia can be detected by monitoring sodium and potassium levels in the body.11,12
The sodium level is also an indicator of cystic fibrosis and heart disease.13,14
Potentiometric sensors have received widespread attention as the most convenient wearable
platform as they provide reliable, simple and less-expensive measurement of electrolytes in
biofluids.15,16 In recent years, significant progress has been made towards the fabrication of
potentiometric wearable sensors and non-invasive monitoring of Na+ and K+ in sweat.17-24
For instance, Parrilla et al. have developed a stretchable textile-based wearable potentiometric
sensor for simultaneous measurement of sodium and potassium ions in sweat which can also
withstand high tensile stress without provoking major cracking17. Parrilla et al. also developed a
wearable patch using commercial carbon fibers for real-time analysis of Na+ in sweat during
exercise. This sensor showed low noise levels and high stability.18 An eyeglasses sensor was
developed by Sempionatto et al. based on screen-printed electrochemical electrodes made on
glasses' nose pads that allows real-time monitoring of potassium in sweat.19 Sempionatto et al.
have also developed a flexible skin-worn microfluidic potentiometric sensor for simultaneous
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electrochemical monitoring of sodium and potassium in sweat which allows efficient natural
sweat pumping to the detection zone during exercise activity.20 Further, a fully integrated and
mechanically flexible wearable sensor arrays for simultaneous in situ analysis of Na+ and K+
during perspiration has been developed by Gao et al.21 Glennon et al. have developed a watch
type wearable platform (SWEATCH) that allows for sweat harvesting and real time Na+
analysis.22 The sensor allows to analyse the sodium level in sweat continuously as it emerges
through the skin. Alizadeh et al. developed a patch with a conformable fluidics systems designed
to continuously monitor Na+ and K+ concentrations in sweat during exercise.23 This sensor
combines flexible microfluidics with low noise small footprint electronics to facilitate wireless
sweat monitoring. Bandodkar et al. developed an epidermal temporary-transfer tattoo-based
potentiometric sensor with wireless signal transduction that allows for real-time monitoring of
sodium in the human perspiration.24
Despite all these significant advancements in the development of wearable potentiometric
sensors, serious challenges remain that hinders their commercialization. Although electrolyte
measurements using potentiometric sensors show very good sensitivity, the poor sensor to sensor
reproducibility and t the need for calibration had been a limitation.25 The lack of reproducibility
of potentiometric measurements has been studied by many research groups for the past few
years, and a variety of approaches have been developed to obtain calibration-free sensors for
direct potentiometric measurements.26-30 However, none of these researches applied their
technology towards wearable sensors. To the best of our knowledge, the only approach that has
been applied to improve the reproducibility in wearable application was the method propose by
Bobacka group, which is based on short-circuiting the ion-selective electrode and the reference
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electrode, before their use.31 Despite the fact that low variability of potential was measured using
this method for wearable working electrodes against a commercial reference electrode (1.5 mV),
the sensor-to-sensor potential reproducibility after the integration of working electrodes with a
wearable reference electrode was as high as 35 mV.
Integration of poly(3-octylthiophene) and single-walled carbon nanotubes has been recently
introduced by our research group as an approach for developing highly reproducible paper-based
ion-selective electrodes with a potential reproducibility as low as ±1.0 mV.30 Here, in this work,
integration of poly(3-octylthiophene) and single-walled carbon nanotubes has been applied on
polyethylene terephthalate (PET) sheet as a solid substrate. Polyethylene terephthalate (PET) has
been known as a desired substrate for wearable applications due to its relevant properties such as
chemical inertness, biocompatibility, high mechanical strength, low water absorption and good
adhesion to a wide range of inks.32,33 It is presented a highly reproducible wearable
potentiometric cell including a wearable ISE and a wearable reference electrode for the
measurement of sodium and potassium in microliter volumes. In addition, the analytical
performance of these sensors in artificial sweat is demonstrated.
3.3 Experimental Section
3.3.1 Reagents and Materials
4-tert-Butylcalix[4]arene-tetraacetic acid tetraethyl ester (sodium ionophore X), Valinomycin
(potassium ionophore I), sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB),
potassium

tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate
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(KTFPB),

and

bis(2-

ethylhexylsebacate) (DOS), all of Selectophore grade, were purchased from Sigma-Aldrich (St.
Louis, MO). Sodium chloride (NaCl), potassium chloride (KCl),and high molecular weight
poly(vinyl chloride) (PVC) were all also obtained from Sigma-Aldrich (St. Louis, MO).
Methylene chloride (DCM), magnesium chloride (
calcium chloride (

), ammonium nitrate (

) and

) was obtained from Fisher (FairLawn, NJ).

Single-walled carbon nanotubes (SWCNTs) of 99% purity were obtained from Cheap Tubes,
Inc. (Grafton, VT). Cyclohexanone 99.8% was purchased from Acros Organics (Fair Lawn, NJ).
Nonpermeable D-wrap blue polyester tape and o-dichlorobenzene were obtained from Fisher
(FairLawn, NJ). 1-Ethyl-3- methylimidazolium[C2mim]+Bis(trifluoromethane sulfonyl)amide
[NTF2]− as an ionic liquid (IL) was purchased from Strem Chemicals Inc (Newburyport, MA).
Poly(3-octylthiophene) (POT) was synthesized according to a literature protocol.34 The methyl
methacrylate-co-decyl methacrylate (MMA:DMA; 42:58) copolymer was synthesized in house
following procedure in Qin et al.35 and characterized as in Mensah, et al.36
Artificial sweat was prepared according to the published literature,21 containing 22mM urea,
5.5mM lactic acid, 3mM

, 0.4mM

50μ

and 25μ

uric acid with varying

sodium concentrations of 0–100 mM and potassium concentrations of 0-100 mM. All solutions
were prepared using deionized water purified by a Millipore Milli-Q (Billerica, MA).

3.3.2 Preparation of SWCNT Suspension and Conductive Substrate
The SWCNT suspension was developed in accordance with the work of Allen et al. 37 with few
modifications as described in our previous paper.30 Briefly, SWCNT suspension was prepared
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containing 13.5 mg of SWCNTs and 22.5 mg of POT dissolved in 9 mL of o-dichlorobenzene.
150 µL of SWCNT suspension was coated onto a 5 cm × 1.25 cm PET sheet. Six coats were
applied and left to dry in an oven at 70 °C for 30 min, after each coating. A square of 1.25 cm ×
1.25 cm was separated at the end of the strip using nonpermeable D-Wrap blue polyester tape for
application of the ion-selective membrane, as shown in Figure 11-A.
3.3.3 Preparation of the Ion-Selective Membrane
The Na+-selective cocktail was composed of 20.0 mmol/kg of sodium ionophore X and 10.0
mmol/kg of NaTFPB. The K+-selective cocktail contained 20 mmol/kg of valinomycin and 10
mmol/kg of KTFPB. Ion-selective cocktails were prepared by dissolving these components
together with PVC:DOS 33.3%:66.6% w/w in 1 mL of cyclohexanone. Ion-selective cocktails
were prepared in a total mass of 200 mg and were vortex for 30 min to be completely dissolved.
A 8 µL aliquot of the cocktail was drop-casted onto the conductive substrate and it was allowed
to dry overnight prior to measurement. These electrodes are ready-to-use and do not need
conditioning as previously shown by our research group.38,39

3.3.4 Preparation of the Reference Membrane
The reference membrane was composed of 40 mg of MMA:DMA (42:58) and 40 mg of IL. The
components were dissolved in 1 mL of DCM and vortexed for 30 min as previously described by
Armas et al.38 Three 8 µL aliquots of the cocktail were drop-casted at intervals of X min onto the
conductive substrate and it was allowed to dry overnight.
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3.3.5 Characterization of the conductive Substrates
Surface hydrophobicity of the conductive substrate was characterized by contact angle
measurements from a VCA-Optima surface analysis and computer imaging system (AST
Products, Billerica, MA) including VCA Optima XE software provided by the manufacturer.
Images were taken immediately after dispensing 2.5 μL of deionized water onto the conductive
substrate.

Figure 11. Wearable ISE (A), and EMF measurement set-up (B).
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3.3.6 EMF Measurements
Electrode potentials were recorded by a high-input impedance (1015 Ω) E F-16 multichannel
data acquisition system (Precision Electrochemistry EMF Interface, Lawson Laboratories,
Malvern, PA) at room temperature (22 °C) against wearable reference electrode. All electrodes
were stored under ambient conditions and measurements were done in triplicates. Measurements
were carried out by applying 150 µL of different solutions on top of the electrodes (ISE and
reference electrode), as shown in Figure 11-B.

3.4 Results and Discussion
Our previous study proposed the integration of POT and SWCNTs to improve the reproducibility
of ISEs.30 In addition, it has been demonstrated that this approach prevents the partitioning of
POT into the ISM and it also controls the phase boundary potential at the interface between the
ISM and the solid substrate.29 Accordingly, paper-based

- and

-selective electrodes were

developed, which displayed high potential reproducibility, as low as ±1.0 mV, against a
commercial double junction reference electrode.30 Herein, we apply the integration of POT and
SWCNT on a PET substrate in order to prepare calibration-free wearable

- and

-selective

electrodes coupling with a wearable reference electrode.
To characterize the substrate, the hydrophobicity of PET coated with SWCNT suspension was
evaluated. The contact angle measurement was performed on a substrate coated with six layers
of SWCNT suspension. As it is shown in the Figure 12, the contact angle of the coated substrate
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was measured 116°, which indicates that PET coated with SWCNT suspension has a highly
hydrophobic surface.

Figure 12. Contact angle image of PET coated with SWCNT suspension.

Sodium-selective and potassium-selective wearable electrodes were prepared using PET
substrate coated with SWCNT suspension, as shown in Figure 11. The potential response over
time of sodium and potassium wearable sensors and their respective calibration curve from 1
mM to 100 mM are plotted in Figure 13. Calibration curves display a Nernstian slopes of 59.3 ±
0.3 mV/decade (Figure 13-B) and a Nernstian slope of 59.4 ± 0.1 mV/decade (Figure 13-D) for
sodium and potassium wearable sensors, respectively. The reproducibility of the potentials for
three electrodes within the concentration from 1 mM to 100 mM was as low as 0.8 mV for
sodium wearable sensors (Appendix B, Table 3) and as low as 1.0 mV for potassium wearable
sensors (Appendix B, Table 4).
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Figure 13. Trace line potentiometric response and calibration curve obtained from sodium
wearable sensors (A and B) and potassium wearable sensors (C and D) (three different electrodes
from one batch).

Repeatability of the wearable sensors were also evaluated, Figure 14 shows the repeatability for
sodium ions when concentrations of0 mM, 1 mM, 10 mM and 100 mM NaCl were tested.
Sensors were dried by wicking off the solution using an absorbent wipe after each measurement.
Sodium wearable sensors display a reversible response with negligible carry-over effect.
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Figure 14. The repeatability of sodium wearable sensors for 4 cycles (three different electrodes from one
batch).

Selectivity of sodium and potassium wearable sensors was tested in the presence of potential
interferents found in human sweat. The response of

-selective and

examined at different concentrations (1 mM, 10 mM and 100 mM) of
. Results of the selectivity experiments for

-selective and

-selective sensors was
,

,

,

and

-selective wearable

sensors are displayed in Figure 15 and Figure 16, no interference was observed when the sensor
was exposed to these ions, this was expected as the selectivity coefficients reported for sodium
46

against Ca2+ is -4.2 ± 0.1 and against Mg2+ is -4.5 ± 0.1 for sodium ionophore X; and for
potassium against Ca2+ is -6.9 ± 0.1 for valinomycin.40,41

Figure 15. Response of sodium wearable sensors to different interferents. Different
concentrations (0 mM, 1 mM, 10 mM and 100 mM) of
(A),
(B),
(C),
(D) and
𝑔 (E) were applied.

Figure 16. Response of potassium wearable sensors to different interferents. Different
concentrations (0 mM, 1 mM, 10 mM and 100 mM) of
(A),
(B),
(C),
(D) and
𝑔 (E) were applied.

Analytical performance of the sodium and potassium wearable sensors in artificial sweat was
evaluated and the potential response and the calibration curves are shown in Figure 17.
Performance of sodium and potassium wearable sensors was observed by applying artificial
sweat solutions containing varying

concentration of 0-100 mM and

concentration of 0-

100 mM. Sodium wearable sensors and potassium wearable sensors presented Nernstian slopes
of 58.6 ± 0.1 mV/decade and 58.4 ± 0.2 mV/decade, respectively. The reproducibility of the
47

potentials for three electrodes was as low as 1.0 mV for sodium wearable sensors and as low as
1.0 mV for potassium wearable sensors.

Figure 17. Potentiometric response and calibration curve obtained for sodium wearable sensors in
artificial sweat containing different concentrations of sodium (0,1,10 and 100 mM) (left) and potassium
wearable sensors in artificial sweat containing different concentrations of potassium (0,1,10 and 100 mM)
(right).

Stability of sodium wearable sensors and potassium wearable sensors for long-term
measurements was also studied in artificial sweat containing

concentration of 100 mM and

concentration of 10 mM, respectively. As it is shown in Figure 34 (Appendix B), sodium
wearable sensors and potassium wearable sensors showed very stable responses with little
potential drifts of 0.3 mV/h and 0.2 mV/h , respectively.

3.5 Conclusion
In this work, highly reproducible wearable ion-selective electrodes for the detection of sodium
and potassium were developed. PET sheet coated with integration of SWCNT and POT was used
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as the conductive substrate. High contact angles were obtained to show a high hydrophobicity of
the substrate, demonstrating that the formation of a water layer within the sensor has been
minimized. Sodium and potassium wearable sensors showed highly reproducible potentials and
Nernstian slopes across the calibration range of 1 mM and 100 mM. Additionally, the electrodes
showed a very good selectivity, and no interference were observed in the presence of interfering
cations. Lastly, sodium and potassium wearable sensors presented Nernstian response and highly
reproducible potentials for sodium and potassium ion measurements in artificial sweat. These
electrodes may be applied to various uses such as continuous monitoring of Na+ and K+
concentrations in sweat during exercise.
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CHAPTER FOUR: CALIBRATION-FREE PAPER-BASED IONSELECTIVE ELECTRODES FOR DETERMINATION OF FLUOXETINE
4.1 Introduction
Fluoxetine hydrochloride (FX) ((±)-N-methyl-3-phenyl-3-[(α α αtrifluoro-p-tolyl)-oxy]propylamine), as shown in Figure 18, is an antidepressant of the selective serotonin reuptake inhibitor
(SSRI) class.1,2 The medication has been approved by the United States Food and Drug
Administration (FDA) since 1987 and has become one of the most frequently prescribed
antidepressants for the treatment of depression and other important disorders.3,4

Figure 18. Chemical structure of fluoxetine.

For the analysis of FX in different types of samples, several analytical methods using different
techniques

have

been

developed.

These

methods

include

high-performance

liquid

chromatography (HPLC), capillary electrophoresis, spectrophotometry, gas chromatographymass spectrometry, fluorimetry, and electroanalytical analysis.5-16 Most of these methods require
expensive equipment, time-consuming and complicated manipulation steps, and special personal
training, which limit their use for quality control and online monitoring. Meanwhile, ionselective electrodes have received considerable attention in pharmaceutical analysis because of
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their characteristics such as fast response, cost-effectiveness, the ability to measure in colored or
cloudy solutions, and ease of operation.17
Several research groups have recently studied the detection of fluoxetine using ion-selective
electrodes. Hussein et al., for example, developed a highly stable ion-selective electrode utilizing
the Pt-nanostructured film as a solid contact for the measurement of fluoxetine.18 The electrode
revealed a near Nernstian response of 56.5 ± 0.5 mV/decade with a linear concentration range of
10−5 M to 10−2 M. In another study, selective recognition of fluoxetine using ion-selective
electrodes based on molecular imprinting polymer (MIP) beads and multi-walled carbon
nanotube (MWCNT) have been proposed by Hassan et al.19 The electrode exhibited a stable
response with a Nernstian slope of 58.9 ± 0.2 mV/decade and a detection limit of 2.1 × 10−6 M.
An ion-selective electrode using poly(pyrrole) conducting polymer coated on a solid-state
contact was developed by Madani et al. for fluoxetine analysis in pharmaceutical formulations. 20
The reported electrode was able to measure the concentration of fluoxetine in linear
concentration range of 10−6 M to 10−3 M where it exhibited a Nernstian response of 58.3 ± 0.4
mV/decade. Arvand et al. have developed ion-selective electrodes based on polymeric
membranes to detect fluoxetine in drug and urine samples.21 The electrode showed a linear
response in the concentration range from 10−6 M to 10−2 M and the best reported slope was 52.4
± 0.4 mV/decade. Ganjali et al. have developed an ion-selective electrode based on nanocomposite carbon paste containing MWCNTs and nanosilica for the determination of fluoxetine
in its formulation.22 The electrode exhibited a stable response with a Nernstian slope of 59.5 ±
0.3 mV/decade and a detection limit of 5 × 10−6 M. In order to determine fluoxetine
concentrations in pharmaceutical preparations, Hussein et al. developed ion-selective electrodes
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made from carbon paste.23 The electrode showed a linear response in the concentration range
from 10−5 M to 10−2 M and the best reported slope was 58.3 ± 0.4 mV/decade. An ion-selective
electrode of a polyvinyl chloride type was developed by Atta-Politou et al. for the in vitro study
of fluoxetine adsorption onto the charcoal.24 The electrode showed a sub-Nernstian response
(56.0 ± 0.3 mV/decade) in linear concentration range of 10−4 M to 10−3 M. Hussein et al.
constructed different ion-selective electrodes based on liquid membrane and coated wire graphite
to detect fluoxetine in capsules and in biological fluids.25 The electrode exhibited a stable
response with a sub-Nernstian slope of 56.5 ± 0.3 mV/decade in linear concentration range of
10−5 M to 10−2 M.
It should be noted that despite these significant advancements in the development of
potentiometric sensors, serious challenges still remain in commercializing and manufacturing
these devices on a large scale. Although potentiometric electrolyte measurements show very
good sensitivity, sensor-to-sensor reproducibility is poor and, therefore, the need for calibration
has always been a challenge. To the best of our knowledge, the reproducibility of ISEs for the
measurement of organic ions has not been investigated and reported. Additionally, Filter paper
was chosen here as the solid substrate to construct ISEs for fluoxetine measurement. Paper has
been proposed as an interesting substrate to develop ion-selective electrodes and it has attracted
researcher’s attention due to its lightweight low-cost, and flexible nature.26,27 Paper-based ionselective electrodes were developed by our research group using single-walled carbon nanotubes
(SWCNTs) as a conductive substrate and poly(3-octylthiophene) (POT) as an electron
transducer.28 The electrodes were successfully applied in the determination of cadmium, silver,
and potassium ions in aqueous solutions and displayed high selectivity and groundbreaking
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limits of detection. Further, paper-based electrodes were improved in our group by applying an
organic-base ink containing integration of SWCNTs and POT.29 Optimized electrodes
demonstrated high potential reproducibility and excellent performance in the determination of
potassium and sodium ions. In this work, we present a paper-based ion-selective electrode based
on the integration of SWCNT and POT for calibration-free and conditioning-free detection of
fluoxetine. Analytical performance of the electrode is characterized and the effect of a lipophilic
salt as an ion-exchanger on the stability of the response is investigated.

4.2 Experimental Section
4.2.1 Reagents and Materials
Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB) and 2-nitrophenyl octyl ether
(o-NPOE), selectophore grade, was purchased from Sigma-Aldrich (St. Louis, MO). Sodium
chloride (NaCl), potassium chloride (KCl), tetrahydrofuran (THF) and high molecular weight
poly(vinyl chloride) (PVC) were all also obtained from Sigma-Aldrich (St. Louis, MO). Singlewalled carbon nanotubes (SWCNTs) of 99% purity were obtained from Cheap Tubes, Inc.
(Grafton, VT). Fluoxetine hydrochloride (FXCl), sodium tetraphenylborate (NaTPB), Lithium
chloride (LiCl), ammonium hydroxide (NH4OH), hydrochloric acid (HCl), ibuprofen,
levetiracetam, nonpermeable d-wrap blue polyester tape and o-dichlorobenzene were obtained
from Fisher (FairLawn, NJ). Poly(3-octylthiophene) (POT) was synthesized according to a
literature protocol.30 All solutions were prepared using deionized water purified by a Millipore
Milli-Q (Billerica, MA).
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4.2.2 Preparation of SWCNT Suspension and Conductive Paper-Strip
Based on Allen et al.'s work,31 we developed the SWCNT suspension with a few modifications
as described in our previous paper.29 Briefly, SWCNT suspension was prepared containing 13.5
mg of SWCNTs and 22.5 mg of POT in 9 mL of o-dichlorobenzene and the mixture was
sonicated for 30 min using a tip sonicator.

Figure 19. Schematic representation of the preparation of the paper-based fluoxetine-selective electrode
using SWCNT suspension.

A 6.0 cm × 6.0 cm square of qualitative filter paper was painted with SWCNT suspensions via a
conventional paint brush. The paper was dried in the oven for 10 minutes at 100 °C. It was
considered that the painting and drying processes were one cycle and a total of six cycles were
applied to the paper. After the sixth cycle, the filter paper was cut into six strips measuring 1.0
cm by 6.0 cm. Afterwards, the strips were partially covered in nonpermeable D-Wrap Blue
Polyester Tape, and a 3 mm diameter hole was left at the end of each sensor for the application
of the ion-selective membrane, as shown in Figure 19 .
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4.2.3 Preparation of the Ion-Pair Compound
Ion-pair is the sensing element in fluoxetine-selective electrode, and it is a complex composed of
fluoxetine-tetraphenylborate (FX-TPB). FX-TPB was synthesized according to literature.22 20
mL of 0.01 M solution of fluoxetine hydrochloride was mixed with 20 mL of 0.01 M solution of
sodium tetraphenylborate to form an insoluble precipitate. The resulting precipitate was filtered,
washed thoroughly with water, and dried at room temperature.

4.2.4 Preparation of the Ion-Selective Membrane
Two different fluoxetine-selective cocktails were prepared. One of them was composed of 10 mg
of the ion-pair (FXTPB) and 7 mg of NaTFPB and the other one was only composed of 10 mg of
FX-TPB. Both cocktails were prepared by dissolving their components together with PVC:oNPOE 33.3%:66.6% w/w in 1 mL of THF. Cocktails were prepared in a total mass of 200 mg
and vortexed for a minimum of 30 min. A 6 µL aliquot of the cocktail was drop-casted onto the
conductive substrate. The 6 μL aliquot sealed the ISE and prevented water diffusion into the
paper substrate by covering the exposed areas of the conductive paper. Electrodes were allowed
to dry overnight prior to measurements. These electrodes are ready-to-use and do not need
conditioning.

4.2.5 EMF Measurements
Measurements were carried out in 100 mL polypropylene beakers and potentials were recorded
using a high-input impedance (1015 Ω) E F-16 multichannel data acquisition system from
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Lawson Laboratories (Malvern, PA) at room temperature (22 °C) and in stirring solutions. As a
reference electrode, a double-junction Ag/AgCl/3 M KCl/1 M LiOAc (purchased from Metrohm,
Herisau, Switzerland) was used. All EMF values were corrected for liquid junction potentials
according to the Henderson equation. Activity coefficients were calculated by the Debye−Huckel
approximation. Aliquots of FXCl were respectively added at 10 min intervals. All electrodes
were stored under ambient conditions and measurements were done in triplicates.

4.3 Results and Discussion
The ion-sensing mechanism for drug molecules differs from ionophore-based electrodes. Instead
of using an ionophore that selectively binds to the ion-of-interest, these electrodes respond to ion
activities by using a hydrophobic ion-pair. Ion-selective electrodes determine the activity of an
organic ion using ion-pair hydrophobic salts that are partitioned into membranes rather than
trapping ions. The first ion-selective electrode specifically designed to measure organic cations
was introduced in 1970.32 It was a liquid-contact ISE which displayed rapid and near Nernstian
response to acetylcholine ion activity from 10-5 M to 10-1 M. Fluoxetine-selective electrodes
measure the activity of the ions according to the local interfacial equilibrium based on equality of
electrochemical potential of fluoxetine ion that reversibly equilibrates across the interface, as
shown in Figure 20.17,33 Paper-based fluoxetine-selective electrodes were prepared using the ionselective membrane including ion-pair (FXTPB), polymer (PVC) and plasticizer (o-NPOE).
Potentiometric response of the sensors is shown in Figure 21-A. Electrodes showed a transient
response that could be due to coextraction processes of anions from solution, resulting in Donnan
exclusion failure.
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Figure 20. Ion-sensing mechanism and local interfacial equilibrium in fluoxetine-selective
electrodes.

As shown in Figure 22-A, the number of chloride ions that had entered the organic phase is large
and the concentration of the co-ion in the sensing membrane is high, which affect the emf
response, and the response slopes become smaller.34

Figure 21. Transient response due to coextraction processes of anions from solution (A), and
stable response due to presence of NaTFPB in the ion-selective membrane.
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The fluoxetine-selective electrodes were fabricated by adding NaTFPB to the ion-selective
membrane in order to improve the performance and eliminate the transient response. TFPB ions
in the membrane prevent substantial chloride uptake, and the coextraction does not occur, as
shown in Figure 22-B.

Figure 22. Coextraction due to chloride ions entering the organic phase (A), and addition of
NaTFPB to the ion-selective membrane to control the co-extraction (B).

Figure 21-B shows the potentiometric response of the fluoxetine-selective electrodes prepared
with ion-selective membranes including ion-pair (FXTPB), NaTFPB, PVC and o-NPOE. The
results demonstrate a very stable response compared to electrodes prepared with only ion-pair
and without NaTFPB. Therefore, fluoxetine electrodes containing NaTFPB in the ion-selective
membrane were selected for the rest of the experiments in this work.
In a previous study, we proposed that integration of POT and SWCNTs and employing that as a
substrate improves the reproducibility of ISEs.29 The proposed approach prevents the partitioning
of POT into the ISM and controls the phase boundary potential at the interface between the ISM
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and the solid substrate.35 Figure 23 shows the reproducibility of the paper-based fluoxetineselective electrodes fabricated by integration of POT and SWCNTs. The potential response over
time of three fluoxetine electrodes and its respective calibration curve from 10-6 M to 10-3 M are
plotted in Fig 22. Calibration curves display a Nernstian slopes of 58.3 ± 0.8 mV/decade (Figure
23-B) with a detection limit of 4.5 × 10−6 M for paper-based fluoxetine electrodes. The
reproducibility of the potentials for three electrodes within the concentration from 10-5 M to 10-3
M was as low as 3 mV for three electrodes.

Figure 23. Trace line potentiometric response and calibration curve obtained from paper-based
fluoxetine-selective electrodes.

The repeatability of the fluoxetine-selective electrode was evaluated by immersing the electrode
in fluoxetine solutions of different concentrations and observing the potentiometric response.
Potentiometric response of the fluoxetine-selective electrodes exposed to different solutions of
fluoxetine hydrochloride (10-5 M, 10-4 M and 10-3 M) is shown in Figure 24. As we can see,
64

results indicate a very repeatable electrode having a reversible response with negligible carryover effect.

10-3 M

EMF (mV)

59 mV

5 min
10-4 M

10-5 M

Time (s)

Figure 24. Repeatability of paper-based fluoxetine-selective electrodes.

The selectivity characterizations for fluoxetine-selective electrodes was conducted by subsequent
addition of 1 mL of interferences, including NaCl (100 mM), KCl (100 mM), levetiracetam (100
mM), ibuprofen (100 mM), and FXCl (100 mM) into 10-3 M FXCl solution. Result of the
selectivity experiments for fluoxetine-selective electrode is displayed in Figure 25. As shown in
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this figure, paper-based fluoxetine-selective electrodes were highly selective for fluoxetine ions,
and that no interference was observed, even in the presence of other drugs.

Figure 25. Selectivity of paper-based fluoxetine-selective electrodes.

Moreover, a water layer test has been performed for the fluoxetine-selective electrodes along
with long-term analysis stability of the electrodes.36 According to the theory, a positive drift
occurs if a water layer has formed upon exposure to a solution containing a discriminating ion,
followed by a negative drift when re-exposure to the same solution contains the primary ion.37
Here, the potential was recorded in a primary ion solution of 10-3 M of FXCl for 1 h and
thereafter changed to a secondary ion solution of 10-3 M of LiCl and the potential was recorded
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for 2 h. Lastly, this solution was replaced and the electrodes were exposed with the primary ion
solution and the potential was recorded for 11 h. Results of this experiment are shown in Figure
26. The potential of fluoxetine-selective electrodes remained stable upon exposure to 10-3 M
LiCl after 2 h, and no negative drift was observed after exposure to primary ion solution, 10-3 M
FXCl. Results clearly show that no water layer was formed and the fluoxetine-selective
electrodes demonstrate high stability with little potential drift (0.25 mV/h).

Figure 26. Water layer test for paper-based fluoxetine-selective electrodes. At time t=1 h,
primary ion solution 1 x 10-3 M FXCl (A) was exchanged for 1 x 10-3 M LiCl (B). At time t=3 h,
sample solution was replaced with primary ion solution 1 x 10-3 M FXCl (C) until t=11 h.
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The pH range of any sensor is an essential parameter that should be examined. In order to
determine the dependence of the potential of the electrodes on the pH of the solution, the
potential was recorded at a specific concentration of the FXCl solution (10-3 M) over the pH
range of 2-9 . The pH of the solution was adjusted using concentrated NH4OH or HCl solutions.
Figure 27 shows the potential of the electrodes in different pH values. According to these results,
fluoxetine-elective electrodes are independent of pH in the range 3–7 . At pH higher than 7 the
potential changed slightly and the precipitation of drug was observed due to conversion of
fluoxetine hydrochloride to the fluoxetine base. The OH- species also diffuse into the electrode
and membrane as the pH increases. On the other hand, fluctuations below the pH value of 3 are
due to the interference from H+.

Figure 27. Effect of pH change of 10-3 M FXCl solution on the response of paper-based
fluoxetine-selective electrodes.
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4.4 Conclusion
In this work, conditioning-free and calibration-free paper-based fluoxetine-selective electrodes
were developed. Filter paper coated with integration of SWCNT and POT was used as the
conductive substrate. FXTPB was used as the ion-pair in fluoxetine-selective membrane. It was
shown that adding a hydrophobic ion-exchanger (NaTFPB) into the ion-selective membrane
prevents the coextraction processes of anions from sample solution as well as eliminates the
transient response. Paper-based fluoxetine-selective electrodes fabricated by having ion-pair
(FXTPB) and NATFPB in the ion-selective membrane showed highly reproducible potentials.
These electrodes showed a Nernstian slopes of 58.3 ± 0.8 mV/decade across the calibration range
of 10-5 M and 10-3 M. Additionally, the electrodes showed a very good selectivity to fluoxetine
ion and no interference was observed in the presence of interfering cations and other drugs. The
electrodes are also independent of pH in the range 3–7. These electrodes may be applied to
various uses such as continuous determination of fluoxetine in pharmaceutical formulations.
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Figure 28. Resistance of the filter paper coated with suspension 2.

76

Figure 29. Contact angle images of filter paper coated with suspension 2 (A) instantly after
adding water droplet (132.7°), (B) after 3 minutes (130.5°), (C) after 10 minutes (129.9°), (D)
after 20 minutes (118.6°), (E) after 40 minutes (78.2°).

Figure 30. Contact angle images of filter paper coated with suspension 1 and subsequent layer of
POT (A) instantly after adding water droplet (99.4°), (B) after 1 minute (42.7°), (C) after 3
minutes (0°).
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Figure 31. SEM images for (A) suspension 2 and (B) filter paper painted with suspension 2.
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Table 1. Actual potential values (mV) recorded during calibration in NaCl solutions using Na+ISEs prepared by suspension 2 and cyclohexanone. (three different electrodes from one batch)
Concentration (M)
10-6
10-5
10-4
10-3
10-2
Slope (mV/dec)

1
152.5
192
251.7
310.9
368.2
58.5

Sensor no.
2
154.1
192.9
252.5
311.5
368.8
58.3

3
155.6
193
253.3
312.6
369.7
58.3

Mean
154.1
192.6
252.5
311.6
368.9
58.4

SD
1.6
0.6
0.8
0.9
0.8
0.1

Table 2. Actual potential values (mV) recorded during calibration in KCl solutions using K+ISEs prepared by suspension 2 and cyclohexanone. (three different electrodes from one batch)
Concentration (M)
10-6
10-5
10-4
10-3
10-2
Slope (mV/dec)

1
111.1
163.6
230.3
288.4
345.0
59.9

Sensor no.
2
112.2
165.9
233.3
292.3
348.0
60.4
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3
114.9
166.9
233.7
291.4
348.4
59.7

Mean
112.7
165.5
232.4
290.7
347.1
60.0

SD
1.9
1.7
1.9
2.0
1.9
0.4

Figure 32. Calibration curve obtained for Na+ -ISE prepared by organic-based SWCNTs
suspension and cyclohexanone. (six different electrodes from one batch).
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Figure 33. Water layer test for Na+ -ISE constructed using suspension 2 (black line) and
suspension 1 with subsequent layer of POT (red line). At time t=1.5 h, primary ion solution 1 x
10-3 M NaCl (A) was exchanged for 1 x 10-3 M LiCl (B). At time t=4.5 h, sample solution was
replaced with primary ion solution 1 x 10-3 M NaCl (C) until t=20 h.
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Table 3. Actual potential values (mV) recorded during calibration in KCl solutions using
potassium wearable sensors. (three different electrodes from one batch)
Concentration
1 mM
5 mM
10 mM
50 mM
100 mM
Slope (mV/dec)

1
-36.4
3.5
22.9
64.3
82.9
59.5

Sensor no.
2
3
-36
-37.4
4.3
3.1
24.2
22.7
65.4
64.1
83.9
82.3
59.3
59.4

Mean
-38.3
3.4
21.2
62.2
81.0
59.4

SD
1.0
0.9
0.9
0.7
1.0
0.1

Table 4. Actual potential values (mV) recorded during calibration in NaCl solutions using
sodium wearable sensors. (three different electrodes from one batch)
Concentration
1 mM
5 mM
10 mM
50 mM
100 mM
Slope (mV/dec)

1
-39.4
2.3
20.1
61.4
79.9
59.5

Sensor no.
2
3
-37.9
-37.5
3.7
4.1
21.5
21.9
62.3
62.8
81.2
81.8
59.3
59.4
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Mean
-36.6
3.6
23.3
64.6
83.0
59.3

SD
0.7
0.6
0.8
0.7
0.8
0.3

Figure 34. Long-term stability of the sodium and potassium wearable sensors for Na+ and K+
detection in artificial sweat for 60 min.
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